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2D-IR exchange spectroscopy has been introduced recently to map
chemical exchange networks in equilibrium with subpicosecond
time resolution. Here, we demonstrate the generalization of 2D-IR
exchange spectroscopy to nonequilibrium systems and its applica-
tion to map light-triggered migration of ligands between different
sites in a protein. Within picoseconds after a photodissociating
laser pulse, carbon monoxide ligands relocate from their binding
site A at the heme prosthetic group of myoglobin to a primary
docking site B in the distal heme pocket. Multiple CO stretching
bands are observed for the CO ligand in sites A and B, indicating
that several distinct conformational substates of the myoglobin:
ligand complex coexist in solution. Exchange cross-peaks between
the bands associated with substates of heme-bound CO and
photodissociated CO in the primary docking site reveal the sub-
state connectivity at physiological temperature.
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hemical and biochemical processes frequently involve net-

works of interconverting species and intermediates. 2D
exchange spectroscopy (EXSY) was introduced in the field of
NMR almost three decades ago as a powerful tool to map such
networks (1). The connectivity between chemical species is
revealed in 2D-NMR-EXSY spectra by off-diagonal peaks that
are connected to the diagonal peaks of two interconverting
species by horizontal and vertical lines. However, the two
diagonal peaks coalesce because of motional line narrowing
when the exchange rate is in the range of the frequency
separation between the spectral lines of the interconverting
species (2), so that faster processes cannot be observed. As a
consequence, the time resolution of 2D-NMR-EXSY is funda-
mentally limited to the millisecond-to-second range.

By contrast, frequency separations of vibrational lines in IR
spectra are in the THz range, and coalescence of vibrational lines
occurs only for much more rapid exchange processes, i.e., on
subpicosecond time scales. Thus, pulsed 2D-IR-EXSY experi-
ments using femtosecond lasers make a new range of fast
exchange phenomena accessible to real-time studies, as has been
demonstrated recently with various 2D-IR approaches (3-5).

A regular 2D-IR-EXSY experiment relies on the intercon-
version of species to happen spontaneously during the waiting
time between subsequent IR pulses (3). Here, we present an
extension of 2D-IR-EXSY to the application on transient species
(T2D-IR-EXSY), where exchange is triggered during the waiting
time by an external perturbation, an additional laser pulse (6).
Hence, EXSY on nonequilibrium systems that evolve on pico-
second time scales becomes possible and pathways between
intermediate states can be mapped.

An exciting application where T2D-IR-EXSY can fully unfold
its potential is the light-induced migration of ligands between
different sites in a protein, as is the case for myoglobin (Mb). Mb
is probably the best-studied protein in the field of biophysics and
earned itself the title “hydrogen atom of biology” (7). Still,
several fundamental issues have remained unsettled. One of
them is the connectivity between various states of the protein
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when the ligand is covalently bound at the heme or unbound
within the heme pocket, especially under physiological condi-
tions. This problem provides an excellent example for the
possibilities opened up by the T2D-IR-EXSY approach.

Mb is a small heme protein that is believed to be responsible
for oxygen storage and transport in muscle tissue. It can bind
small ligands such as oxygen (O), nitric oxide (NO), or carbon
monoxide (CO) at its heme iron. Associated with its biological
function, the Mb:ligand complex features several conforma-
tional substates that coexist in solution (see refs. 7-10 and
references therein). In MbCO, these different conformations are
associated with distinct bands in the ligand’s vibrational absorp-
tion spectrum, because of its exquisite sensitivity to the electric
field generated by the local protein environment. In the CO-
bound state of sperm whale Mb (sw-MbCO), three CO vibra-
tional bands are observed that have been assigned to three
conformational substates termed Ay, A;, and As. Based on
crystallographic studies, vibrational spectroscopy, and theoret-
ical modeling, the differences in the IR absorption of the ligand
among the A substates is attributed mainly to different confor-
mations of His®, which results in different electric fields at the
binding site that produce different vibrational Stark shifts of the
IR stretching mode of the heme-bound CO (see refs. 9 and 10
and references therein). The Ay population is associated with a
protonated His® imidazole, which has a pK of 4.5, and is
therefore small at neutral pH (11, 12). Substates A; and Az both
have a neutral imidazole. Fluctuations between the A; and A
substates are much faster than exchange to Ay (8), indicating
smaller conformational changes. The lower frequency of Aj as
compared with A; reflects a closer proximity of the imidazole to
the CO in A3 (9, 10). Each A substate shows markedly different
kinetics of CO rebinding after flash photolysis, implying differ-
ent functional properties (8).

Upon photodissociation from the heme, CO migrates to a
primary docking site (site B), which plays an important role in
mediating ligand transport to and from the active site at the
heme (10, 13). Docked in B, the CO again gives rise to several
bands, B substates B,, By, and By, which reflect a different
structure of the protein and different orientation of the CO (10,
14, 15). Based on IR spectroscopic studies comparing different
mutants and quantum chemical calculations, the picture has
emerged that B, and B; correspond to CO residing in the
primary docking site of Mb in the A; conformation, featuring
opposite orientations with either the C or O atom pointing
toward the Fe of the heme (10, 15-17).
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Fig. 1. 2D-IR pulse sequences. (a) Equilibrium 2D-IR-EXSY. Chemical species
interconvert spontaneously because of equilibrium fluctuations during wait-
ing time 7. (b) Nonequilibrium T2D-IR-EXSY. Interconversion is triggered by a
VISpump pulse during waiting time .

Here, we address the issue of the connectivity between the A
and B substates, i.e., which A substate dissociates into which B
substate, by monitoring their exchange cross-peaks with T2D-
IR-EXSY. To this end, we selected a sw-Mb mutant where Val®®
is replaced by Tyr (sw-Mb-V68Y). Its IR spectrum in the
CO-bound form exhibits all of the essential A and B substates
known from sw-MbCO. However, whereas As is only a minority
species in sw-MbCO, sw-MbCO-V68Y features comparable,
large populations of the Az and A; conformational substates
(10). In addition, we have performed the same experiment on
horse heart Mb (h-MbCO). h-Mb differs in 18 amino acids from
sw-Mb. It features mostly the A; conformation and almost no As,
leading to simpler spectra suitable for illustrative purposes (18).

Experimental Strategy: 2D-IR-EXSY In and Out of Equilibrium

Equilibrium Experiment. In the pump probe implementation of
2D-IR-EXSY spectroscopy (pulse sequence in Fig. 1a) (3), a
narrow-band femtosecond IRpump pulse is scanned over the
frequency range of interest, defining the pump frequency axis of
the 2D-IR spectrum (scheme in Fig. 2). After a waiting time 7,
a broad-band IR,obe pulse measures the response of the sample
and is detected by a spectrometer, defining the probe frequency
axis. The IR ,ump pulse transfers population from the v = 0 to the
v = 1 state of the vibrational mode it is resonant with. The
subsequent IRpope pulse encounters a depleted vibrational
ground state, leading to a bleach contribution to the signal, and
it encounters an excited-state population, leading to contribu-
tions caused by stimulated emission and excited-state absorp-
tion. As illustrated in Fig. 2a, this pulse sequence generates a
diagonal peak for each mode, consisting of a negative contri-
bution (blue, bleach, and stimulated emission) atits v =0 —v =
1 frequency wo; and a positive contribution (red, excited-state
absorption) at its v = 1 — v = 2 frequency w1, which is lower
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Fig. 2. Schematic 2D-IR-EXSY spectra illustrating the effect of different

connectivities between the exchanging states x, x', y, and y'. (a) Connectivity
xsy x' sy'.(b) Connectivity x s y', x' s y.
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because of vibrational anharmonicity. If two chemical species x
and y interconvert in dynamic equilibrium (x 2 y), and thereby
change the frequency of a vibrational mode during the waiting
time 7 between IRpump and IRpope, i.€., after it has been
“labeled” by the IRpump pulse at a certain pump frequency,
off-diagonal peaks are created, as indicated by the green and red
arrows in Fig. 2. In this way, 2D-IR-EXSY maps the connectivity
between interconverting chemical species (3, 5). We can, for
example, distinguish the situation in Fig. 2a, where exchange
occurs between x and y (x 2 y) as well as between x’ and y' (x’
=y’) from the situation in Fig. 2b, where we observe x 2y’ and
x" 22y. The 2D-IR-EXSY approach is very general: in principle,
all exchange processes that change an observable vibrational
frequency can be investigated. A fundamental lower limit of its
time window is caused by motional line narrowing, which leads
to coalescence of the vibrational lines of the interconverting
species if the exchange rates are on the order of the frequency
separation between the vibrational bands or faster. A typical
lower time limit is thus on the order of hundreds of femtosec-
onds; an upper time limit is imposed by vibrational relaxation.
For example, the v = 1 state of CO in the B state of photolyzed
carbonmonoxy hemoglobin relaxes with a 600-ps time constant
(19). [The bound A state relaxes with a 17-ps (20, 21) time
constant; however, this rate is not limiting our experiment as we
photolyze the CO already after 1.5 ps.]

Nonequilibrium Experiment. Light-induced ligand migration is a
nonequilibrium process, where exchange is triggered by an
external perturbation, the VIS,ump pulse, that dissociates the CO
ligand from the heme. Therefore, instead of relying on equilib-
rium fluctuations during 7 as in the 2D-IR-EXSY pulse sequence
in Fig. 1la, we induce exchange by applying the VIS,ump pulse
during 7 according to the pulse sequence in Fig. 15. The method
relies on the fact that vibrational excitation created in the initial
state of the system by the IRpump, pulse can be transferred to the
photoproduct state. Additional vibrational excitation created by
the trigger pulse does not interfere with the measurements
because it is normalized out in the double difference 2D-IR
spectra (22). By extending 2D-IR-EXSY to nonequilibrium
T2D-IR-EXSY in this way, we can map the interconversion of
species in a phototriggered process, and it is thus possible to
obtain exchange cross-peaks between heme-bound CO and
photodissociated CO in a docking site.

Results and Discussion

T2D-IR-EXSY of h-Mb'3CO: An lllustrative Example. Before turning to
the experiment on sw-MbCO-V68Y, we first introduce T2D-IR-
EXSY on h-MbCO because of its simpler CO stretching spec-
trum with essentially one single A; conformation around neutral
pH (18). Fig. 3a shows the transient absorption spectrum of
h-Mb3CO in the region of the stretching absorption of the
heme-bound CO ligand, 5 ps after 540-nm excitation at 294 K.
Bleaching of the A; band occurs as the CO ligand is photodis-
sociated from the heme iron. Concomitantly, the B bands
emerge, shown in Fig. 3b for a delay of 5 ps. They indicate that
the CO ligands have settled in the primary docking site B after
photodissociation (13, 15, 23), where they reside for several
nanoseconds before rebinding or escaping to secondary docking
sites or exiting the protein. In addition to substates B, and By,
corresponding to CO residing in the primary docking site in
opposite orientations (15-17), weak hot bands of the CO ligand
in the docking site are clearly visible in Fig. 3b, marked by wis.
They are shifted by the CO anharmonicity of 26 cm™".

Fig. 3c shows the conventional 2D-IR spectrum of the heme-
bound CO ligand, recorded with a delay 7 = 1.5 ps. The tilt of
the band toward the diagonal indicates spectral inhomogeneity
of the heme-bound CO, reflecting the heterogeneous structure
of its protein surrounding (24).
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Fig. 3. 2D-IR spectroscopy of h-Mb'3CO. (a) Time-resolved IR spectrum of h-Mb'3CO, 5 ps after 540-nm excitation, showing the depletion of the heme-bound

state. (b) Time-resolved IR spectrum of '3CO migrated to the docking site, 5 ps after 540-nm excitation. B, and By populations are generated. The rectangular
brackets indicate the anharmonicity of CO of 26 cm~'. Two small hot bands are visible here. (c) 2D-IR spectrum of the A state. Inhomogeneity leads to a tilt of
the band toward the diagonal. (d) T2D-IR-EXSY spectrum of the cross-peaks connecting the A and B states. Delay IRpump—VISpump Was 1.5 ps; delay VISpump—IRprobe
was 5.0 ps. (e) The same as b for comparison with f. (f) Normalized cuts through the exchange cross-peaks of d.

As the information on state connectivities in a 2D-EXSY
spectrum is completely contained in the cross-peaks, we focused
in our T2D-IR-EXSY measurements on the region of the
exchange cross-peaks between heme-bound CO (A substates)
and CO in the docking site (B substates). Fig. 3d shows the
T2D-IR-EXSY cross peaks as recorded with the pulse sequence
in Fig. 1b. The delay between IR ump and VIS, mp was set to 1.5
ps. The delay between VIS,ump and IRprope Was set to 5.0 ps, as
for the data in Fig. 3b. The narrow-band IR ,ump labels the bound
CO by transferring population from the » = 0 to the v = 1 state.
Thus, in the cross-peak region, we expect to observe a bleach at
the wp; positions and an increased absorption from the vibra-
tionally excited state at the w; positions (i.e., the positions of the
hot bands in Fig. 3b) of the respective transitions. The signal in
Fig. 3d clearly shows the success of the T2D-IR-EXSY experi-
ment on ligand migration: exchange cross-peaks are observed
between the heme-bound CO and the CO after ligand migration
to the docking site. In contrast to the 2D-IR spectrum of the
heme-bound CO ligand, spectral inhomogeneity cannot be ob-
served for the cross-peaks.

In principle, the connectivity information in 2D-EXSY spectra
is readily obtained from cuts through the cross-peak region at
different IR,ump frequencies. For a more detailed view, Fig. 3f
shows such cuts through the exchange cross-peaks in a normal-
ized fashion. The ratios between B; and B, remain constant for
the different IR,ump frequencies, indicating that B, and B, are
populated in the same ratio, regardless of the initial starting
frequency of the heme-bound CO ligand within the inhomoge-
neous A-band in Fig. 3c. Thus, the differences in the protein
environment of the CO ligand leading to spectral inhomogeneity
of the bound state either do not interfere with the pathways of
the migrating ligands to the B site (which could imply that the
structural heterogeneity at the binding site is quite local) or
equilibration between the two CO orientations is already com-
pleted 5 ps after photodissociation, i.e., slightly earlier than
reported (25).

Absorption Difference Spectra of sw-Mb'3C0-V68Y. After having
demonstrated with h-Mb3CO that T2D-IR-EXSY allows us to
map ligand migration, we now turn to the case of sw-Mb'3CO-
V68Y. Fig. 4a shows the FTIR absorption difference spectrum
of sw-Mb!2CO-V68Y at 3 K in the C=O stretching region of the
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ligand (adapted from ref. 10). Upon short (1 s) 532-nm illumi-
nation, bleaching of three bands is observed due to photodis-
sociation of CO. These bands are essentially identical to the
three conformational substates, Az, Ay, and Ay of WT-MbCO
(10), indicating that the V68Y mutation causes only minor
perturbations of the active site. However, in contrast to many
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Fig.4. IRspectraof sw-MbCO-V68Y. (a) FTIR absorption difference spectrum
of sw-Mb'2CO-V68Y in cryosolvent (75% glycerol, 25% phosphate buffer, pH
8, illumination 1 s at 3 K, adapted from ref. 10). (b) Transient absorption
difference spectrum of sw-Mb'3CO-V68Y 5 ps after 540-nm excitation at 294
K (scaled by x5.5). The spectrum was fitted by four Gaussian lines. For
comparison, the B-state spectrum from a is shown, shifted in frequency to
account for 13C labeling.

PNAS | September 4,2007 | vol. 104 | no.36 | 14245

w
e
=]
2
<
w
™S
-
=
o
w
o
wv

BIOPHYSICS



Lo L

P

1\

BN AS DN AS P

15
’TE 510
e S sf
2 c |
[} K] 0
o -"—"ﬂ; -———— a
g j s
& 25
£ 4 < ¢t
3 -10
a 0B o, B] T
N " ..|...|...|. ) S N R —— —
1880 1890 1900 1910 2060 2080 2100 2060 2080 2100
probe frequency [cm] probe frequency [cm™] probe frequency [cm™]

Fig. 5. 2D-IR spectroscopy of sw-MsCO-V68Y. (a) Time-resolved IR spectrum of sw-Mb'3CO-V68Y, 5 ps after 540-nm excitation. (b) Time-resolved IR spectrum
of the 13CO ligand in the primary docking site B, 5 ps after 540-nm excitation. B, B1, and By populations are observed. The square brackets at the bottom indicate
the expected w1, frequencies of the By, By, and By substates. (c) 2D-IR spectrum of the Astates. (d) Cuts through the T2D-IR-EXSY cross-peaks between heme-bound
CO (A7 and A3) and CO in the docking site (B, By, and Bo). The IRpump energies correspond to the respective arrows in c. () The same as b for orientation in £.
(f) Overlay of the cross-peak cuts shown in d. The solid lines are calculated spectra.

other Mb variants, sw-Mb!3CO-V68Y features a large popula-
tion in A3, which is beneficial for the T2D-IR-EXSY experiments
discussed here (10). The small population of A at neutral pH
will be neglected in the following discussion.

Concomitant with A band bleaching, the B bands emerge in
the spectrum. The oscillator strength of CO reduces significantly
upon dissociation from the heme; therefore, the B bands in Fig.
4a have been scaled up by a factor of 20. Fig. 4b shows the B-state
spectrum under cryogenic conditions in an expanded view (black
line). Several B substates are visible at frequencies similar to
those of WT-MbCO, and they also show similar kinetic prop-
erties. Therefore, they have been termed B,, By, and By (10, 26).
B> and B, are believed to correspond to CO residing in the
primary docking site of Mb in the A; conformation in opposite
orientations (10, 15-17). The larger stark splitting between B,
and B in sw-Mb'3CO-V68Y as compared with sw-Mb'3CO,
which is also observed for the similar mutant V68F, has been
attributed to the bulkier side chain of residue 68 that enhances
the interaction between His® and the CO ligand in the B state
(10, 27). The substate By has been associated with CO photo-
dissociated from the Az conformation (10, 15, 28). However, as
yet, a definitive structural assignment of the photoproduct
associated with Az has been ambiguous. For CO in the primary
docking site B, a similar splitting caused by reverse orientations
as for B, and B; would be expected upon photodissociation from
the Az conformation. Such a second band accompanying By has
not yet been observed. It was suggested to be either hidden
underneath By or not to be existent at all (28, 29), as the close
proximity of His® to the heme-bound CO in A; might enhance
ligand translation to the B site without rotation after photodis-
sociation (10). However, flipping of the CO orientation within
the docking site was found to occur with a lifetime of ~6 ps for
h-Mb!3CO (25). Furthermore, earlier investigations of an or-
thorhombic crystal of Mb containing a dominant Az population
(90%) at cryogenic temperatures indicated connectivities be-
tween Az and several B substates (28). Studies at ambient
temperature have not been reported.

The transient spectrum recorded at 294 K, 5 ps after 540-nm
excitation when the ligands settle in the docking site is shown as
the blue line in Fig. 4b. It is different from the low-temperature
steady-state spectrum (Fig. 4b, black line), and therefore, our
assignment based on the comparison of band positions is only
tentative. The B bands are shifted, causing a stronger overlap
between B; and By (see fit in Fig. 4b, dotted lines). The shoulder
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of By, clearly visible at 3 K, is not resolved in the transient
measurement at 294 K. It is well known that the occupation
ratios and exact positions of the CO bands in the low-
temperature spectra depend on sample preparation, pH, and
temperature, and the band positions can vary by a few wave-
numbers. Moreover, with increasing temperature, bands shift
and broaden because of increased librational motion (30, 31).

From the 1D spectra it is not clear which of the A substates
is connected to which B substate. We will obtain this information
from T2D-IR-EXSY.

T2D-IR-EXSY of sw-Mb'3C0-V68Y Reveals Connectivity of A and B
Substates. Fig. 5a shows the time-resolved IR spectrum in the region
of the heme-bound CO 5 ps after 540-nm excitation. The bleach of
the A; and A3 bands indicates CO release from the heme in both
conformations. The CO ligand then enters the primary docking site
B, as inferred from the appearance of the B substate bands in Fig.
5b. However, no conclusions can be drawn about the connectivities
between As/A; and B,/B1/By on the basis of the time-resolved 1D
spectra.

Fig. 5¢ shows the conventional 2D-IR spectrum of heme-
bound CO recorded with a delay of T = 1.5 ps. Both the A3 and
the A; conformations are clearly visible along the diagonal.
Again, the blue (negative) part corresponds to the v=0—v =
1 transition of the CO vibration, the red (positive) part corre-
sponds to the v = 1 — v = 2 transition.

Fig. 5d shows two cuts in the cross-peak region between A and
B substates, obtained by the T2D-IR-EXSY pulse sequence
depicted in Fig. 1. The delay between IRpump and VISyump was
set to 1.5 ps, and the delay between VIS, mp and IRrope Was set
to0 5.0 ps, the same as in Fig. 5b. In the upper cut, the IR pump pulse
was set to 1,902 ecm !, exciting predominantly CO ligands of the
A substate. In the lower cut, the IR,ump pulse was set to 1,891
cm™ !, exciting mainly CO ligands of the Aj; substate. However,
because of the width of the IRpump pulse of 11.5 cm ™! and the
spectral overlap between the A; and the A3 band, we achieve only
partial selectivity of the IR excitation. For the upper and lower
cuts, the excitation ratios are Ai/As = 7:3 and A/A; = 3.7,
respectively.

Because of the presence of several overlapping bands, the
cross-peak signal in Fig. 5d is more complicated than for
h-Mb!3CO. The IRpump pulse tags the CO ligands of the two
conformational substates A; and A; by vibrational excitation
before they start their migration to the B substates. Thus, as for

Bredenbeck et al.
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h-Mb'3CO, we find a depletion in the cross-peak cuts at the
frequencies w; involving the vibrational ground states. This can
be clearly seen in the region of 2,085-2,110 cm ™!, containing w;
(B1) and wp; (By). For the B, band, however, its negative wo; (B2)
contribution overlaps with the positive w;, contributions from B;
and/or By. The w (B2) cross-peak lies at the low-frequency edge
of the spectral window observed here.

The cross-peak cuts for Az and A; in Fig. 5d look very similar.
In particular, the similar shapes of the two cuts at the B,
frequency clearly reveal a negative contribution at wo; (B,) for
ligands photodissociated from A; and A3, indicating population
transfers A; — B, and Az — B,. If CO photodissociated from Aj
gave rise to By and A; to B, and By, only a positive contribution
at w12 (Bp) would be observed in the Aj cut.

A direct comparison of the cross-peak cuts for Az and A; is
given in Fig. 5f, with the transient absorption spectrum of the B
substates plotted above (Fig. 5¢) for orientation. In the region of
w1 (B1) and w1 (Bo), the cut through A; is clearly red-shifted
compared with the Aj cut, indicating increased population
transfer to Bj. The cut through Aj; is shifted to the blue,
indicating increased population transfer to By. In the wo; (B2)
region, the amplitude of the Az cut is smaller then the one of the
A cut. This also is a consequence of the population of By when
starting from Aj: its wy2 (Bo) contribution is closer to the wo;
band of B, than the w, contribution of B;, causing stronger
cancellation.

To rationalize the effect of the incomplete selectivity of the
IR pump pulse regarding A; and As, we calculated the T2D-IR-
EXSY cross-peaks (solid lines in Fig. 5f) based on the fit of the
absorption spectrum, i.e., the green lines in Fig. 5e. The calcu-
lation takes into account the finite width of the IR pymp pulse and
the band shape of the A; and Az bands. The connectivities Az —
(Bo,B2) and A; — (By,B,) are assumed as well as equal popu-
lation of the two respective B states in each case. The agreement
with the data, also in the region of the B, state, confirms the
assignment Az — (Bo,Bz) and A; — (By,By).

A possible explanation for the population transfer from both
Az and A; to B, is that the B, band in fact consists of two bands,
one connected to A; as suggested before and one connected to
Az, which we will call By(Ajz). We thus have the connectivities
A3 —> (Bo,Bz(A3)) and A1 — (B](Al),Bz(Al)), where Bz and B1
are counterparts with opposite orientation of CO. Because of the
analogy between A and A; it appears likely that the B,(As) band
is the elusive counterpart of By with CO in the reverse orien-
tation. We therefore suggest to rename the B states connected
to Az in analogy to the states connected to A;: By as B1(A3) and
B2(As3), assigned to opposite orientations of CO. The finding that
B, is composed of two subbands fits well to the observation of
the substructure of B, in the low-temperature difference spec-
trum in Fig. 4b.

Further support for the assignment found by T2D-IR-EXSY
for physiological temperature was obtained from FTIR temper-
ature derivative spectroscopy (TDS; ref. 10) at cryogenic tem-
peratures. One-second irradiation with 532-nm light at 3 K
prepared a sw-MbCO-V68Y sample in a photodissociated non-
equilibrium state. It subsequently was heated at a rate of 5 mK/s
in the dark while FTIR spectra were taken continuously, one
every kelvin, to monitor equilibration between the B states. Note
that these experiments have been carried out with 2CO. Fig. 6b
shows differences between consecutive spectra as a 2D-TDS
contour map, spanned by the temperature and wavenumber axes.
Absorbance decreases at 2,111 and 2,107 cm~! (dotted contours)
with concomitant increases at 2,139 and 2,150 cm~! (solid
contours) represent reorientation of the CO ligands in docking
site B for substates A; and As, respectively. To separate the B,
signals of A; and As, we performed a second experiment, in
which the sample was heated to 50 K under 532-nm illumination
and afterward cooled to 3 K in the dark. With this preparation,
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Fig. 6. FTIR-TDS spectroscopy of sw-Mb'2CO-V68Y. (a) Absorption spectrum
of the B states as in Fig. 3b. (b-d) FTIR-TDS maps of sw-Mb'2CO-V68Y, showing
absorption changes that are associated with 2CO reorientation in the B site
for A; and A3 (b) and the separated reorientation signals for A; (c) and As (d).

the A; population rebounded again, whereas A; remained
photolyzed because of its higher rebinding barriers (8, 10). After
another 1-s illumination at 3 K, FTIR spectra were taken with
increasing temperature as in the previous experiment. The
contour plot in Fig. 6¢ shows ligand reorientation only for the B
states belonging to A; because reorientation of CO for substate
Aj already occurred during the first temperature excursion. The
difference plot between the data in Fig. 6 b and ¢, plotted in Fig.
4d, shows the reorientation signal for As. Clearly, the B, band
consists of two subbands of slightly different frequency, one
connected to Bi(A;) and one to Bi(Aj).

The FTIR-TDS results strongly support our assignment of the
T2D-IR-EXSY spectra at physiological temperature, where we
found the connectivities A; — (Bi(A1),B2(A1)) and A; —
(B1(A3),B2(A3)). This assignment corresponds to a Stark split-
ting between Bj(As) and By(Aj) that is slightly increased as
compared with the one between B1(A;) and B,(A;). However,
this finding is not unexpected as the interaction between His®
and the CO in the docking site should be larger for A than for
A, leading to stronger electrostatic interactions (10).

Conclusions

T2D-IR-EXSY is a vibrational analog of 2D-NMR-EXSY work-
ing under nonequilibrium conditions. It maps the connectivity of
interconverting species during light-induced nonequilibrium
processes with subpicosecond time resolution. In the present
work, T2D-IR-EXSY allowed us to track the light-induced
migration of CO ligands in Mb from the binding site A to the
primary docking site B on the escape pathway of the ligand.

Exchange cross-peaks revealed the connectivity between the
conformational substates As/A; of the protein:ligand complex
with CO at the binding site and the substates B,/B1/By of the
protein:ligand complex with CO in the primary docking site. We
have shown that the B, band in fact consists of two bands, one
of them being the elusive counterpart of By with opposite CO
orientation. This interpretation is strongly supported by FTIR-
TDS. In summary, we suggest an assignment where each of the
conformational substates A; and A; supports two docking site
states B, and B; with opposite CO orientation:
A3 — (Bz(A3),B1(A3)) and A1 — (Bz(A]),Bl(Al))

FTIR-TDS has been used here as an independent method to
support the T2D-IR-EXSY assignment. It is similar to T2D-IR-
EXSY in that it also obtains connectivity information by mon-
itoring relaxation in a nonequilibrium ensemble, however, at
cryogenic temperatures. While T2D-IR-EXSY uses high time
resolution to investigate short-lived intermediates that can be
selectively addressed by the IR,ump pulse, FTIR-TDS relies on
trapping intermediates at low temperatures and selects them via
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the activation energy of their relaxation. The compatibility of
cryo FTIR-TDS results and the findings of T2D-IR-EXSY at
physiological temperatures indicates that the assumption usually
made in cryo trapping experiments, namely that the trapped
state exist similarly also at physiological temperatures, is well
justified for the system investigated here.

T2D-IR-EXSY provides a solution to the longstanding prob-
lem of correlating rapidly interconverting substates at physio-
logical temperatures. Here, we have demonstrated the use of
T2D-IR-EXSY to map the migration of ligands between differ-
ent sites in a protein. The T2D-IR-EXSY approach, however, is
very general; the prerequisite is just the change of a vibrational
frequency on the course of the investigated process within the
time window of the experiment. Therefore it should be well
applicable to other light-induced processes in chemistry, physics,
and biology, such as photochemical reactions, electron transfer,
proton transfer, or phototriggered conformational changes.

Materials and Methods

Sample Preparation. Plasmids containing the sw-Mb-V68Y mu-
tant gene were transformed into Escherichia coli, strain TBI1,
expressed, and purified as described (32). h-Mb was purchased
from Sigma/Aldrich (St. Louis, MO) and used without further
purification. Samples for spectroscopy were prepared by dissolv-
ing the lyophilized protein at a concentration of 15 mM in
deuterated phosphate buffer (pD 8, 100 mM) and subsequent
reduction with excess dithionite under a *CO atmosphere. For
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